Purpose Cardiovascular disease is the leading noncancer cause of death among survivors of childhood cancer. Ejection fraction (EF) and fractional shortening (FS) are common echocardiographic measures of cardiac function, but newer imaging modalities may provide additional information about preclinical disease. This study aimed to evaluate these modalities in detection of anthracycline-induced cardiac toxicity.
Introduction
Until the latter half of the twentieth century, most childhood cancer diagnoses resulted in death. Currently, multiple studies report upwards of 80 % survival for all patients presenting with a pediatric malignancy largely due to the efforts of the large cooperative groups, advanced therapeutic protocols, newer treatment regimens, and improved supportive care [1] [2] [3] [4] [5] . With decreasing mortality and a concomitant rise in new diagnoses [6] , thousands of children and young adults join hundreds of thousands of survivors of childhood cancer in the USA each year [4, 5] . There is a growing recognition of the adverse effects resulting from the diagnosis of and treatment for a pediatric malignancy with nearly two thirds of survivors reporting a chronic medical condition and over a quarter with severe or life-threatening disorders [7] .
The leading noncancer cause of death among childhood cancer survivors is cardiovascular disease (CVD) [5] . Cardiac-directed radiation therapy and/or exposure to anthracycline-containing regimens has been the most strongly associated with late cardiac toxicity and contribute to a 5-10-fold increased risk of cardiovascular mortality compared to sibling controls or the general population [1, [8] [9] [10] . Despite limitations due to cardiac toxicity, the anthracyclines remain one of the most potent antineoplastic classes and are used in nearly half to two thirds of all pediatric oncology patients [2, 11] . While many reviews have addressed cardiac toxicity following cancer therapy, many questions regarding the pathophysiology, appropriate screening, and management remain [2, [12] [13] [14] [15] .
There has been an evolution in cardiac functional assessment over time. Of the most traditional and widely available techniques are fractional shortening (FS) and ejection fraction (EF) obtained by two-dimensional (2D) echocardiography [16] . Changes in EF and FS are late markers of anthracycline-induced cardiotoxicity, reflecting advanced myocardial dysfunction that is less likely amenable to therapeutic intervention [17] . Serum biomarkers and novel imaging modalities have been a recent focus of investigation with hopes of identifying subclinical cardiac dysfunction at a potentially more treatable stage. Newer echocardiographic techniques including tissue Doppler imaging (TDI) and 3D and 4D echocardiographic imaging with strain and strain rate [18, 19] have been employed in a variety of clinical applications in both pediatric and adult patients. TDI imaging assesses velocity signals from tissues of high amplitude and low frequency, such as the myocardium rather than the fluid and pressure dynamics measured by traditional Doppler echocardiography [20] . Strain and strain rate measurements including radial displacement have been used to differentiate between active and passive movement of myocardial segments and valvular rings and more objectively evaluate regional components of myocardial function.
While not yet widely adopted, these modalities are currently most often used to diagnose and track acute changes in ischemic cardiomyopathy, monitoring of cardiac resynchronization therapy, or assessment of graft rejection following heart transplant [21] .
The aim of our study was to evaluate the use of newer echocardiographic measures in the detection of cardiac toxicity among cancer survivors previously exposed to anthracycline-containing therapies.
Methods

Participants
Cancer survivors were recruited from the Long-Term FollowUp Clinic at the University of Minnesota, Minneapolis, MN. Inclusion criteria included age <21 years at the time of cancer diagnosis; ≥18 years at study entry, in remission, and surviving ≥5 years from diagnosis; and a cumulative anthracycline exposure ≥300 mg/m 2 . Cumulative anthracycline exposure was defined as doxorubicin dose+0.833×daunorubicin dose, according to the Children's Oncology Group Long-Term Follow-Up Guidelines [22] . Survivors with ongoing myelosuppressive therapy, a history of cardiac-directed radiation therapy, known cardiovascular disease, or diabetes mellitus were excluded. An ageand gender-matched comparison group was recruited from healthy community volunteers. The study was approved by the University of Minnesota Institutional Review Board.
Echocardiography
All studies were performed in the University of Minnesota Medical Center, Fairview Echocardiography Laboratory by a single echosonographer and cardiologist (S.S.), both blinded to control or survivor status. Participants underwent twodimensional, pulse wave, continuous wave, and color flow Doppler transthoracic echo, as well as TDI and strain imaging using a Philips iE33 Ultrasound Machine (Philips Healthcare, Andover, MA, USA) with a variable transducer.
Left ventricular end-diastolic volume (EDV) and left ventricular end-systolic volume (ESV) were obtained from four chamber view to estimate the EF equal to EDV−ESV/EDV, multiplied by 100. Left ventricular end-diastolic dimension (EDD) and left ventricular end-systolic dimensions (ESD) from M-mode guided by a parasternal short-axis image were obtained to estimate the FS equal to EDD−ESD/EDD, multiplied by 100. The peak velocity of early (E) and late (A) ventricular filling and the E/A ratio were measured by transmitral pulsed-wave Doppler. Deceleration time was measured as the interval from the peak of the E velocity extrapolated to baseline. Early and late diastolic tissue motions (E′ and A′) were measured with spectral TDI. Mitral E′/A′ and E/ E′ ratios were calculated for each subject. Left ventricular myocardial performance index (MPI), also known as the Tei index, was measured by using the isovolumic contraction time (IVCT) + isovolumic relaxation time (IVRT) divided by ejection time (ET) [23] . Two-dimensional gray scale, parasternal, short-axis images were obtained at the level of the papillary muscle to evaluate radial function of the left ventricle. Cine-loops of three cardiac cycles triggered by the R wave of the QRS complex were saved digitally. Myocardial velocity data were analyzed offline using dedicated QLAB quantification software (Philips Healthcare, Andover, MA, USA). To evaluate left ventricular radial function peak systolic strain, early and late peak diastolic strain rate, and radial displacement, images were obtained using a standard six-segment regional analysis from the short-axis view. Due to variability in strain and strain rate, the more consistent radial displacement measurement is reported. All strain imaging was assessed with measures generated by a single investigator (A.C.D.). The same investigator repeated a smaller subset of 20 studies (10 survivors and 10 controls) to obtain intra-observer reliability, and a second investigator (R.M.G.) independently processed this same smaller subset to obtain interobserver reliability.
Statistical analysis
The study was powered at 80 % to detect a 1.0 standard deviation difference in radial displacement between cases and controls at the 0.05 level of significance. A standard deviation of ±2.2 mm in healthy adult subjects was estimated from the literature [24] . Descriptive statistics were calculated for demographic and echocardiographic variables. Means were compared between survivors and controls using unpaired two-sample t tests, and linear regression was performed to compare correlation between continuous variables with and without adjustments. Adjustments were limited to one additional variable to maintain adequate statistical power. Results were considered significant at an alpha level of <0.05. Analyses were performed with SAS software version 9.2 (SAS Institute Inc., Cary, NC, USA).
Results
Participant characteristics
Characteristics of survivors and controls are shown in Table 1 . Consistent with the study design, there were no significant differences in gender or age. The study population was predominantly young adult female sarcoma survivors, on average over a decade from diagnosis with moderate to high dose of anthracycline exposures (cumulative dose ≥300 mg/m 2 ). None had experienced acute or early-onset cardiac toxicity. One survivor was being treated for hypertension with lisinopril and incidentally noted to have a bicuspid aortic valve. A previously undiagnosed and asymptomatic dilated aortic root was identified in a control subject.
Fractional shortening and ejection fraction
Survivors had statistically lower average FS and a trend toward lower average EF compared to controls (Table 2) , while, in aggregate, still remaining in a normal range (FS≥28 % and EF≥55 %). Two controls and four survivors fell below the normal EF threshold, and one survivor was below the normal threshold for FS. FS and EF were moderately well correlated with each other (r =0.33, p =0.056).
Among controls, there was no correlation between age and FS (r =0.28, p =0.27) or EF (r =0.03, p =0.9). In the survivor group, there was no correlation between age and FS (r =−0.02, p =0.95). There was a statistically significant decline in EF associated with advancing age (r =−0.64, p =0.006) (Fig. 1) , increasing survival time (r =−0.48, p =0.05), and increasing anthracycline dose (r =−0.61, p =0.009), but not with earlier age at diagnosis (r =−0.32, p =0.22). EF did, however, decline with age at diagnosis after controlling for survival time (r =−0.64, p =0.03). FS in survivors declined with increasing anthracycline doses (r =−0.56, p =0.02), but not with earlier age at diagnosis (r =0.12, p =0.66) or increased survival time (r =−0.11, p =0.69). FS in survivors did not decline with age at diagnosis after controlling for survival time either (r =0.14, p =0.86). Figure 2a shows the effect of anthracycline dose on EF and FS, respectively. Ventricular filling (E/A ratio) was not statistically different between survivors and controls ( Table 2) .
Radial displacement
Radial displacement was statistically significantly lower in survivors compared to controls (Table 2) . While normal ranges are not yet well established, decline in radial displacement is associated with decreased cardiac function. Radial displacement increased with advancing age in the control 
Traditional versus novel echocardiographic measures
Radial displacement was significantly correlated with both FS (r =0.52, p =0.002) and EF (r =0.35, p =0.04), as shown in Fig. 3 . Despite all three measures being associated with each other, the significant difference in radial displacement between survivors and controls remained even after adjustment for FS (p =0.004) or EF (p =0.03). After adjusting for survival time, there was still a significant association between EF and anthracycline dose (p = 0.003), but the association between radial displacement and anthracycline dose was attenuated (p =0.07). The association between radial displacement and anthracycline dose remained significant after controlling for FS (p =0.03), but not after controlling for EF (p =0.07).
Discussion
While the natural progression of anthracycline-induced cardiomyopathy remains unclear, the cardiovascular morbidity and mortality among survivors of childhood cancer has been well documented, suggesting benefit to early detection with the goal of improving therapeutic interventions. Using traditional and novel echocardiographic measures, we assessed a high-risk population of childhood cancer survivors and found significant reductions in cardiac function compared to ageand gender-matched healthy controls. All measures significantly decreased with increasing anthracyline dose, though radial displacement appeared to attenuate over time.
Only a few studies have investigated TDI technologies among cancer patients exposed to cardiotoxic therapies, primarily in medical oncology patients or in children during anthracycline infusion or short-term follow-up. Changes have been demonstrated in both early and late ventricular filling ratios (E/A) as well as tissue velocities (E/E′), MPI, and global or longitudinal strain [25] [26] [27] [28] [29] [30] [31] [32] . Many of these studies also demonstrated lower cardiac function among cancer patients All values expressed as mean ± standard deviation MPI myocardial performance index Fig. 1 Correlation of ejection fraction versus age compared to controls, albeit with measurements remaining within a normal range. This is the one of the first studies to assess these parameters late after therapy (median 17 years following exposure) among adult (median age 27 years) survivors of childhood cancer. Similar to adult studies, we also found that some TDI measurements decreased in survivors compared to healthy controls. We found strong correlation between EF, FS, and radial displacement, raising the question as to whether any additional prognostic information can be generated by this novel measurement. Both EF and radial displacement were significantly correlated with anthracycline dose, but after controlling for survival time, EF remained significantly correlated, and radial displacement lost this association. As cardiotoxicity takes time to develop, survival time can impact the detection of myocardial dysfunction. While the specific pathophysiology has yet to be fully elucidated, the loss of association with survival time may suggest a role for radial displacement in early preclinical detection of myocardial injury. However, it remains unclear if this finding predicts ongoing or future dysfunction.
Of the novel measurements investigated in this study, we found radial displacement to be the most accurate. Examination of the data showed that over 11 % of all strain and strain rate values measured in both survivors and controls fell out of normal physiologic ranges, whereas less than 1 % of all radial displacement data fell out of normal physiologic ranges. Radial displacement, which is related through a mathematical relationship of temporal integration of velocity and spatial integration of strain, is much less variable and can act as an adequate surrogate for radial strain [21, 24, 33] .
The interobserver reliability of 16 % and correlation of 0.65 found in this study for radial displacement is similar to Fig. 2 a Anthracycline dose versus EF and FS. b Anthracycline dose versus radial displacement previous strain and strain rate imaging estimates of 6.9-17 % reliability and 0.75-0.79 correlation [34] . The intra-observer reliability of 12 % and correlation of 0.74 is also similar to previous estimates of 5-10.1 % reliability and 0.78-0.87 correlation [34] . In this study, interobserver reliability for EF and FS was not determined as a single cardiologist provided those data, though it has previously been reported at 6-15 % [35] [36] [37] . Intra-observer reliability for EF and FS was not calculated since they were not repeatedly measured, though it has been reported at 6-11 % [35] [36] [37] . Overall, the technologies appear to be similar with respect to both inter-and intraobserver reliability based on these estimates. This initial assessment of novel echocardiographic technologies among childhood cancer survivors has a number of limitations. Our study sample was recruited from patients attending our local survivor clinic who might be more likely to participate in research [38] . However, this should not particularly affect comparisons between the various echocardiographic measures. While the study was adequately powered to detect a 1.0 standard deviation difference in radial displacement, the small sample limited our ability to perform more detailed multiple variable regression, and the cross-sectional nature of the study inhibits conclusions concerning long-term changes in the myocardium. Finally, more advanced TDI imaging remains a relatively new modality not readily available in most clinical settings and requires unique hardware and software to run and interpret [33] , limiting more generalized application.
Using traditional and novel echocardiography, we measured cardiac function among adult survivors of childhood cancer with significant historical exposures to anthracyclines and identified significant decreases in myocardial function compared to healthy controls. Detection of cardiac toxicity prior to changes in FS and/or EF will help guide care for these patients. However, it remains unclear if TDI imaging can provide sufficient additional clinical information beyond traditional echocardiography to become an adjunct to current screening practices. Potentially a useful monitoring technique, the clinical advantage of radial displacement, strain, and strain rate over traditional measurements of EF and FS remains to be elucidated. Longitudinal study on pediatric cancer patients is necessary to more thoroughly evaluate this modality.
